European beech (Fagus sylvatica L.) and Norway spruce (Picea abies Karst.) are two of the 15 most ecologically and economically important forest tree species in Europe. These two species 16 co-occur in many locations in Europe, leading to direct competition for canopy space. Foliage 17 characteristics of two naturally regenerated pure stands of beech and spruce with fully closed 18 canopies were contrasted to assess the dynamic relationship between foliage adaptability to 19 shading, stand LAI and tree growth. We found that individual leaf size is far more conservative 20 in spruce than in beech. Individual leaf and needle area was larger at the top than at the bottom 21 of the canopy in both species. Inverse relationship was found for specific leaf area (SLA), 22
Introduction 30 31
Competition for light and resulting mortality are the most critical processes driving 32 development of young forest stands (King, 1990) . As the canopy closes, in particular in stands 33 originating from natural regeneration, tree height relative to neighbours, but also position 34 within a crown dictate light availability to foliage (Niinemets et al., 2001 ; Richardson et al., 35 2001 ). Leaves and needles are the only tissues with the capacity to capture energy and thus 36 drive forest growth. Foliage responds very sensitively to growth conditions within a stand and 37 has been shown to adapt its morphology (Bussotti et al., 2000) , structure (Kull et al., 1999 ) 38 and metabolism (Hallik et al., 2009 ) in response to light intensity. 39
40
Vertical distribution of foliage, but also changes in the size of individual leaves, have both 41 been attributed to relative light conditions within the stand (Johansson, 1996) . The 42 relationship between light availability and specific leaf area (SLA, defined as leaf area per 43 unit leaf mass) varies among tree species (Niinemets, 2010) . No consensus currently exists as 44 to whether different tree species exhibit greater leaf size plasticity in relation to light 45 availability. Several studies report larger plasticity of leaf morphology in shade-intolerant 46 than in shade-tolerant species (Oguchi et al., 2005; Sanchez-Gomez et al., 2006; Portsmuth 47 and Niinemets, 2007) , while others found the reverse (Paz, 2003; Delagrange et al., 2004) or 48 no variation (Paquette et al., 2007) . In addition to shade tolerance, SLA in trees is also 49 influenced by tree age and size (Steele et al., 1990; Niinements and Kull, 1995) . It is 50 important to point out that tree age, size and irradiation gradient along the canopy are strongly 51 correlated. Older and taller trees are likely to generate deeper canopies, which expose foliage 52 to irradiation levels ranging from full to a fraction of full sunlight (Niinemets, 2010) . 53 54 Efficient light capture is of crucial importance to trees growing in dense stands with high 55 level of competition for light (Pearcy et al., 2005) . Trees maximise capture of available light 56 by developing layered canopies with several strata of overlapping leaves. Defined as the total 57 one-sided foliage area per unit ground area, Leaf Area Index (LAI) controls light interception, 58 but also acts as a determinant of carbon and water exchange between forest canopy and the 59 atmosphere (Leuschner et al., 2006) , primary production (Long and Smith, 1990 ) and rainfall 60 interception (Herbert and Fownes, 1999) . Whilst the definition and measurement of leaf area is 61 fairly straightforward in broadleaves, three different definitions have been proposed for 62 conifers: total needle surface area, half of the total needle surface area, and projected needle 63 area. The latter definition was used in this paper as it is commonly accepted as the most 64 practical, but also indicative of the needle surface involved in light interception at any one time 65 (Chen et al., 1997) . Forest stand LAI is determined by leaf size, total number of leaves per tree, 66 but also by stem density (Leuschner et al., 2006) . between leaf and total plant dry plant mass (leaf mass ratio -LMR) or between leaf area and of 76 total plant dry mass (leaf area ratio -LAR) to describe ecological and production interactions. 77
However, none of these studies allow for the description of the dynamic relationship between 78 foliage plasticity, stand LAI and tree growth. Konôpka et al. (2010) In particular, this paper links up information on foliage mass and foliage area for two of the 98 most important European forest tree species growing on the same site. There are several levels 99 at which these two species can be contrasted. As a deciduous tree, beech produced all of its 100 foliage in current year, spruce on the other hand retains its needles for up to 5 years, possibly 101 leading to higher LAI in spruce. Beech is shade-tolerant, while spruce is classified as 102 intermediate in relation to its shade tolerance (Ellenberg and Leuschner, 1996) . Lastly, since 103 the selected site is located at the lower elevation limit of spruce in this area of Europe, climate 104 change is expected to favour beech leading to eventual replacement of spruce by beech at this 105 elevation. Thus this study offers insights into effects of climatic warming on growth 106 performance of forests currently occupying the climatic boundary between the two species. 107
In this study, we hypothesised that (i) spruce has higher LAI than beech, (ii) dominant trees of 108 both species have higher leaf mass ratio. 109
110

Materials and methods 111
Site description 112
The stand was similar to that of beech, however no grass cover was present due to shading by spruce 122 trees. Detailed description of the site characteristics can be found in Konôpka et al.(2013) . (1) 163
164
Where Wi is dry biomass of a tree component i, d0 is stem diameter at base, b0,and b1 are 165 coefficients to be estimated and λ is logarithmic transformation bias. Site-specific biomass 166 equation parameters are listed in Table 2 . 167 to total) by extra sum-of-squares F test. 211
Results
212
Although very similar in age, the two studied ecosystems did differ in several standard forest 213 stand characteristics (Table 1) . Beech trees were significantly taller than spruce, while spruce 214 trees had a larger diameter at base, resulting in a significantly larger height/diameter ratio in 215 beech than in spruce. The difference in height to diameter ratio between the two species is 216 evident throughout the diameter size distribution (Supplementary Figure S2) . On the other hand, 217 there was no difference in the number of trees per unit area, mean stem volume and basal area. Table 1 ). Figure 4A shows total foliage mass 246 of beech and spruce trees across the diameter distribution observed in this study. It is clear that 247 spruce trees of the same size support more foliage mass than beech trees. At the same time, 248 beech foliage has greater SLA in all tree sizes under investigation ( Figure 4B ). Using data for 249 whole tree foliage mass in combination with mean SLA, we observe that there is very little 250 difference in whole tree leaf area between beech and spruce trees ( Figure 4C) . 251
252
The observed similarity of whole tree leaf area of beech and spruce trees was reflected in 253 calculated LAI. As already mentioned, basal area and tree density did not differ between the 254 two stands. Coupled with very similar total leaf area of individual trees, it is not surprising that 255 LAI did not differ between beech and spruce (p=0.865, Figure 5 The stands were dense, at the time of the study there was no difference in the number of trees 281 per hectare. Beech trees were marginally taller, while spruce trees had thicker stems at the base. 282
However, there was no difference in basal area, leading us to the assertion that any differences 283 in foliage characteristics are due to differences in genetics and growth habit, rather than because 284 of different tree size or stocking density and resulting competition. that needle-shaped leaves can be arranged in a pattern that bounces the incoming radiation over 364 a larger number of leaves deeper in the canopy (Sprugel, 1989) . This effects increases 365 photosynthesis of overtopped spruce trees by reducing the energy wastage that occurs when 366 light falls on horizontally positioned beech leaves at the top of the canopy that are already light-367 saturated. However, when plotted against leaf area, wood production efficiency did not differ 368 between the two species. This suggests that it is higher leaf thickness (Aranda et 
